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Introduction 31 32
Many natural and human systems follow highly skewed distributions. It has even been proposed that this 33 may be an emergent property of the universe, attributable to entropy (Grönholm and Annila 2007) . The 34 distribution of wealth, frequency of the sizes of cities, or the sizes of corporations, all form similar 35 patterns where small units are very frequent and larger units are increasingly less common. There are 36 many small towns but a few major cities; there are many poor people and a few mega-rich. The same type 37 of pattern emerges in ecology, such as in the relative abundance of co-occurring species: most species are 38 rare. 39
Skewed distributions have been observed in taxonomy, where smaller groups are very frequent 40 and large groups are uncommon ( Figure 1 ). Monotypic genera, those with only one genus, are the largest 41 fraction of global genera. Large genera are globally rare. This was first observed by Yule (1925) , but 42 many authors considered the skew distribution of taxonomic groups to be an artefact of human 43 preferences in classification (Strand & Panova, 2014) . Recent work has now shown that the skew 44 distribution in taxonomy is concordant with evolution, and phylogenetic simulations produce similar 45 taxonomic patterns to real world data (Sigwart et al., 2017) . 46
The relationship between phylogeny and taxonomy is important because measures of biodiversity 47 frequently depend on the substitution of higher-ranked groups where species identifications are not 3 available (Gaston and Williams 1993; Bertrand et al. 2006 ). This approach of "taxonomic surrogacy" is 49 used in estimations of present biodiversity and long-term patterns in the fossil record. Major shifts in the 50 diversity of genus-level or family-level groups are the primary evidence for past mass extinction events 51 (Raup & Sepkoski, 1986; Hendricks et al., 2014) . Identifying some organisms to genus, family, or 52 perhaps even coarser groupings, is a technique that is also routinely used in ecology and environmental 53 biology. In biodiversity assessment it is common to identify a specimen to the best available level, based 54 on the expertise of the observer or the quality of information. It is not clear whether morphotaxonomic 55 approaches, using key characters or synapomorphies for a diagnosis to genus or family level as 56 appropriate, is fully transferable to modern molecular approaches used to delimit species. 57
Identifying species often involves using mitochondrial DNA (mtDNA) fragments. There are 58 several advantages of mtDNA over nuclear markers. It is estimated that mtDNA has a mutation rate 59 perhaps ten times higher than nuclear DNA, and this makes it appropriate for identifying recent 60 evolutionary divergences, at the population or species level (Linacre, 2007). There are vast numbers of 61 mitochondria available from each cell, and mtDNA is also known to be more durable than nuclear DNA 62 (e.g. Schwarz et al., 2009 ), although this varies among different organisms perhaps with metabolic rate 63 (e.g. Kazakova and Markosian, 1966) . This makes mtDNA a good tool for cases where environmental 64 and weather conditions may have degraded the DNA, including in subfossil remains, and museum 65 material in chemical preservation (Friedman and DeSalle, 2008) . Work by Hebert and colleagues (2003) 66 proposed that most animal species can be rapidly and correctly identified by examining the DNA 67 sequence of a portion of the cytochrome c oxidase subunit I mitochondrial gene (COI) -a "DNA 68 barcode". 69
In order for DNA sequence data to provide useful species-level identifications, there must be a 70 well-developed reference library to match the genetic sequence of the individual of concern to a species 71 that was previously identified (Gotelli 2004). If there is no reference sequence that matches the species 72 being examined, then comparing a new sequence to the database will either return no answer or, worse, an 73 incorrect identification based on the closest available match. Such publicly accessible reference databases 74 covering taxa from around the globe are continuously being built, but remain very incomplete (Ball et al. 75 2005 , Ratnasingham and Hebert 2007 , Zhou et al. 2009 ). In fungi, this was identified as a significant 76 problem in 2008, when the number of sequences produced from amplifying environmental samples had 77 already begun to outpace specimen-based voucher sequences with robust identification (Blackwell, 2011). 78 In cases where a species-level match is not possible, molecular operational taxonomic units can 79 be analyzed as interim units for ecological studies (Blaxter et al. 2005 ). In the most "automated" 80 approach, often used in microbiology, operational taxonomic units are identified based on a similarity 81 threshold of 1-3% difference in pairwise comparisons among sequence fragments. There are, however, 82 limitations associated with barcoding where recently diverged or hybridizing species may be overlooked, 83 or specimens from one species with naturally high variation in that region are falsely scored as multiple 84 species. Over a large spatial scale the separation between intraspecific versus interspecific divergences 85 can be reduced, limiting the power of the analysis to observe distinct species (Bergsten et al. 2012). It is 86 not at all clear that a generalised threshold is appropriate or transferable across groups or regions. 87 Importantly, taxonomic ranks are not assumed to represent any fixed level of diversification. 88 Different groups evolve at very different rates (Langley and Fitch 1974) . A genus, family, or class 89 therefore cannot represent an absolute span of diversity in terms of species richness, nor morphological 90 disparity. That would imply some ultimate authority and a rigidly fixed process of macroevolution. 91
Instead, ranks are applied in a relativistic framework, grouping species based on comparisons with their 92 nearest phylogenetic or similar counterparts. Nonetheless, rates of diversification of species and clades 93 should be linked to rates of evolution of the genome. 94 5 of a genus, measured as divergence in the COI barcode region, had any recognisable trends of patterns 97 that correlate to species richness of the sampled genus. For the sake of argument, there are several 98 potential patterns that may link the variation in species richness of genera to genetic divergence. For 99 example, there could be a fixed threshold distance that universally separates species. In this case, higher 100 species richness in a genus would result in a larger genetic size of the genus. Alternatively, a genus may 101 be a fundamental unit with a fixed genetic size. In this scenario, the divergence among species contained 102 in a genus would be constant regardless of species richness, and unaffected by rapid radiations. Finally, 103 species may be placed in a genus by taxonomists at random, which would therefore result in entirely 104 random genetic divergence across genus-level groups. 105
In order to address this question, we sampled all available published COI barcode sequences for 106 two major animal groups with contrasting taxonomic and evolutionary contexts. The analytical workflow for this project was managed in R (R Core Team, 2017). This followed a 128 process, described below, of extracting data from the online BOLD Systems (Ratnasingham and Hebert, 129 2007; http://www.boldsystems.org/, accessed March 2018), applying quality control filters to the data, 130 aligning sequence files via the CIPRES Science Gateway (Miller et al., 2010) , applying further quality 131 controls by inspection, before assessing patterns of genetic distance. In these steps, data were managed at 132 the taxonomic ordinal level. 133
Taxa were selected for analysis to represent animal groups with deliberately different taxonomic 134 completeness and taxonomic practice. We extracted COI barcode data for all living species of birds, 135 bivalves, and three other groups of marine invertebrates with hard skeletons and deep fossil records: 136 polyplacophoran molluscs (chitons, two orders, Lepidopleurida and Chitonida), bryozoans in the order 137 Cheilostomatida, and brittlestars in the order Ophiurida. The taxonomic names of orders were used as the 138 "taxon" search string via the "bold" package in R (Chamberlain, 2017) . Alternative versions of the names 139 were added whenever available (e.g. combining results for both "Venerida", and "Veneroida" for Venus 140 clams). The extracted data were subset to include only COI fragments, filtered by the database entry for 141 genetic marker being either "COI-5P" or blank. The resulting filtered dataset was exported in fasta 142 format. Each sequence file was then aligned in CLUSTALW (Larkin et al., 2007) using a high gap 7 penalty to prevent internal gaps. Resulting alignment files were then inspected, and misaligned sequences 144 were removed where present (these were assumed to be reverse compliment sequences or alternative 145 fragments that were not correctly identified in the source database, but no attempt was made to fit them to 146 the alignment). Where a sequence was fit to the alignment via internal gaps or violated a conserved 147 sequence region, it was removed. The alignment was then manually trimmed to a central region of 400 bp 148 that maximised overlap of the available sequences in that taxonomic order. 149
All sequence records that were incomplete for genus and/or species identification were discarded. 150
Species names in online genetic data repositories also include unidentified species (often called "sp."), 151 hybrids and varieties, and mis-spellings (e.g. one species of parrot represented as both Orthopsittaca 152 manilatus and O. manilata). We did not attempt any intervention to correct for syntax, so completeness 153 must be seen as approximate, and may be inflated. The number of species names per genus may exceed 154 the number of valid names, where there are additional variant spellings, varietals, or subspecies. Where 155 species coverage exceeded 100% (more species in our analysis than there are taxonomically accepted 156 valid species in that genus), these genera were included in analysis but excluded from trends in 157 completeness. We examined the data for ambiguous taxa, those that were identified with "aff.", "cf.", 158 "sp." or other indication of uncertainty in the species-level identification, and the whole containing genus 159 for any ambiguous taxon was excluded from analysis. If there was only one sequence fragment for a 160 genus, that genus was discarded. 161
Finally, we assessed the taxonomic completeness of genus-level groups with available sequence 162 data. We compared the number of species within each included genus to established lists of genus species 163 richness from authoritative taxonomic databases as used in our previous research compiled in 2015 164 (Sigwart et al., 2017) . These figures for species richness may exclude a small number of new species 165 named in recent years, but this is unlikely to have any systemic impact on results. 166 (based on the first element of the sequence name, the genus ID inherited from the original record data). 168
We calculated a pairwise-distance matrix comparing all fragments in each genus using the function 169 dist.alignment in the SeqinR package (Charif and Lobry, 2007) . Gaps (i.e. missing data at either end in 170 these alignments) were not counted in the distance identity measure. Note that this function returns a 171 matrix of square root values for percent difference; these were squared to report percent-differences. This here, a genus is only present or absent, without considering the fraction of its known species that are 206 present in the dataset. Genera with fewer species are inherently more likely to be completely sampled 207 (e.g. a genus with only one species must have 100% of species sampled, if it is included at all). Thus the 208 non-correlation or even slightly negative correlation of these distance metrics with taxonomic 209 completeness does not refute the larger pattern of larger genera with greater distances. Importantly, 210 maximum value for pairwise distances among sequences in a genus could easily be skewed by the 211 inclusion of even a single misidentified sample. Median values for these data are probably more 212
informative. 213
Median values for pairwise distances indicate two important findings. First, median genetic 214 distances are larger in genera that contain more species, and increase with both species richness and the 215 number of species sampled. Second, median distance measurements are not affected by increasing sample 216 saturation; the number of sequences sampled is not significantly correlated with median genetic distance 217 per genus in bivalves (P = 0.70) or other invertebrates (P = 0.64) and only weakly correlated with 218 increasing sampling in birds (Spearman's rho, ρ = 0.46). 219 220
Discussion 221
It was not our expectation that birds and bivalves have very much in common, these two major groups 222 were deliberately selected as contrasting animal groups yet with coincidentally similar species and genus 223 richness. The pitfalls of dependency on DNA barcodes have been highlighted in many previous studies, in 224 particular that specific markers perform differently across animal groups, and that is illustrated by the 225 present results (Rubinoff, 2006; Kress et al., 2015) . The standards developed in the context of one group 226 of organisms may not be transferable to any other group. 227
There are very different patterns in genetic distance at the genus level between birds and the 228 invertebrate animals sampled, and the difference is sufficiently stark that it is useful to consider 229 similarities as well as differences between the clades and the data analysed. Genetic distances in bird 230 genera follow striking and well-resolved patterns with correlations between genetic distances and other 231 factors. The measured genetic distances per genus are more constrained in birds, with a maximum 232 pairwise difference of around 20% per genus compared to up to 50% divergence within bivalves genera. 233
In light of the lack of any tidy correlations of our measured factors with genetic distances in bivalves or 234 other invertebrates, it is tempting to consider explanations that would excuse the pattern, based on an 235 assumption that the more constrained patterns observed for birds is the "correct" result. Perhaps the 236 identification or definitions of genera were incorrect in these invertebrates, species were incorrectly 237 identified, sequences were contaminated, too few genera were included, or species richness within genera 238 insufficiently sampled. We will consider each of these issues below. 239
On the issue of sampling available species or genus diversity, representation appears to be largely 240 comparable and equivalent between birds and the invertebrate sequences analysed (Table 1) The source data for these analyses were gleaned from public databases, and the species names on 248 sequences in these repositories often leads later workers to identify their own samples by comparison. 249
Early errors lead to incorrect sequence-based identifications, false confidence, and a cascade of later 250 problems (Morton, 2018) . It should be noted that this problem is not isolated to sequence data, but 251 voucher specimens are prerequisite for later comparisons and often not available for published sequences 252 (Bortolus, 2008) . The present analysis excluded genera that contained only a single sequence, or any 253 sequences that had ambiguous species-level identification. Uncertainty at the species level does not 254 necessarily indicate any uncertainty of genus-level identification, nor the identification of other species in 255 the genus, but our conservative approach removed relatively few genera. There was no evident pattern of 256 genetic distance with respect to the presence of ambiguous taxa in a genus, except that the broadest 257 invertebrate samples, all genera with more than 15 species sampled in a single genus, contained uncertain 258 identifications. The same was not true of birds. This could indicate that among the sampled invertebrates, 259 larger samples of species richness are an indicator of research concentration on areas of taxonomic or 260 phylogenetic uncertainty. 261
Resources like Genbank are anecdotally rife with misidentifications, at the species level, genus 262 level, and above, and data integrity protocols or user motivation may create barriers to correcting 263 misidentifications discovered after publication (Morton, 2018) . It is reasonable to assume these errors 264 happen more frequently for invertebrate taxa than birds. However, it is our view that misidentification 265 represent a minority (possibly a large minority); certainly not all of the sequences in Genbank are 266 misidentified. It is relevant, then, that there is no pattern in our analysis of bivalve genera that suggests 267 the presence of identifiable outliers (Figure 3 Genus level genetic variety, which is relevant to the overarching goals of biodiversity inventories, 280 remains understudied. Species level genetic thresholds have been widely examined across a wide range of 281 evolutionary groups, for example a 2% genetic variance is widely acknowledged as an "acceptable" 282 species threshold. While this may be adequate for specific markers in specific groups, there is no 283 foundation to expect the same threshold for even one particular marker would have transferability across 284 organismal groups, or that one threshold would apply to different markers. Methods for assessments are disproportionately focused on taxonomically well-known groups, and later adapted for application to 286 other less well-studied groups. Variation among clades is an important factor: what may work for one 287 may not necessarily work for another. The results presented here demonstrate varying genetic sizes at 288 genus level among the different evolutionary groups as well as different effects of some metrics of 289 interest. 290
Molecular phylogenetic studies frequently reveal hidden diversity by identifying evolutionarily 291 distinct lineages. Yet the appropriate cut-off between what constitutes distinct populations within a 292 species versus distinct species is not always readily apparent. As a result, the act of defining a population 293 (or group of closely related populations), and what warrants species status is not clear cut. Divergence in 294 genetic markers may indicate separate thresholds at population-or species level; the additional results 295 here suggesting that median distances at the genus level in COI are not affected by sample saturation may 296 be useful in future studies. Traditionally species delimitation has relied heavily on morphological 297 characterization to distinguish taxa. However, this method can fail to adequately reflect distinct 298 evolutionary lineages and may result in underestimates of biodiversity (Knowlton, 2000) . Species 299 delimitation is especially challenging for organisms with highly conserved morphology, so-called cryptic 300 species (sensu Bickford et al., 2007) . Consequently, modern methods of species delimitation use objective 301 criteria and incorporate data from multiple sources including ecological, geological, morphological, 302 phylogenetic, and behavioural attributes (Yang and Rannala, 2010) . 303
Global species richness for birds is broadly accepted as around 10,000 species. Recent work 304 posited the number could be much higher based on genetic identification (Barrowclough et al., 2016), but 305 that is based on much finer-scale analysis than could be currently attempted on any other group of 306 organisms. Global species richness estimates for poorly-studied groups are notoriously inaccurate, 307 because it is difficult to predict the data gap of undiscovered species (Bebber et al., 2007) , so it is very 308 difficult to predict the total global living species richness for bivalves with any confidence. The broad 309 estimate of 10,000-20,000 bivalve species (e.g. Gonzalez et al. 2015) is still in line with the broadest 310 interpretation of bird species richness, from 10,000-18,000 (Barrowclough et al., 2016). 311
Birds and bivalves represent similar extant species richness but very different evolutionary 312 histories. Although the sampled invertebrates are all clades that have deep histories and persisted through 313 multiple past mass extinction events and birds radiated more recently, they have similar numbers of living 314 species. Genera of bivalves likely represent a more heterogeneous collection of rates of genotypic and 315 phenotypic evolution, differing level of extinction, and more variety than found among a similar number 316 of bird species. Nonetheless certain emergent patterns in species richness are universal (Sigwart et al., 317 2017; Figure 1 ). Previous studies have attempted to impose standard metrics on species and species 318 groups (e.g. Avise and Johns 1999) . The results of this study are further evidence why it is not viable to 319 extend such standardisation across broadly separated groups with different evolutionary histories, and 320 emergent patterns in species richness and clade size may not show straightforward correlation with 321 genetic diversity or divergence times. 322
The COI mtDNA fragment was championed as an identification "barcode" because it is relatively 323 fast-evolving and thus reveals species-level differences (Linacre, 2007) . This also means divegences may 324 become saturated, especially in comparing individuals within groups above the species level. Saturation 325 could be a factor in the high divergences seen in our sampled invertebrates, but this does not necessarily 326 mean that those species or genera are misclassified. 327
Species evolution is a continuous, ongoing process, and the process of speciation -one 328 population-lineage splitting into daughter lineages with independent evolutionary trajectories -is not 329 instantaneous. At any given point in time, different lineages are de facto in different points of their 330 ongoing cyclical process of speciation and equilibrium. It is naturally often difficult to tell whether a 331 species complex is a group of incipient species that are reticulate or overlapping, or rather a collection of 332 very distinct species at equilibrium but observed without enough knowledge to differentiate them 333 (Dobzhansky, 1935) . This is not to say that species are not real, but only that the species we observe in 334 this moment in time are not all at evolutionary equilibrium. Much hope has been placed in species 335 barcoding; however, given this macroevolutionary paradigm there may be fundamental limitations to the 336 utility of barcoding to differentiate difficult or cryptic species. While thresholds for a percent divergence 337 in a given marker may be perfectly appropriate for certain constrained clades, that same approach may not 338 be equally informative in other organisms (Rubinoff, 2006) . In this context, it should probably not be 339 expected that an expanded approach, the genetic size of genera, would follow a clear trend. It is rather 340 remarkable that there are trends like this for birds, as we found here, and these should probably not be 341 seen as the "correct" answer or an aspiration for results from research on other organisms. 342
In addition to the theoretical and practical importance of species status, issues of taxonomy and 343 nomenclature also play a critical role in other areas of biology. Estimates suggest that only about 10% of 344 the world's biodiversity has been described (Mora et al., 2011) . Many taxonomic groups also have 345 undergone revisions in light of molecular phylogenetic studies or additional discoveries, or are in need of 346 revision on the basis of new information from ongoing systematic research. This is absolutely routine in 347 most invertebrate animals, whereas in a well-studied clade like birds, the discovery of new species or 348 dramatic phylogenetic revision is increasingly infrequent. However, among under-studied groups, the 349 minority-majority that represent most animal life, the pace of new species descriptions has been described 350 as glacial (Scotland et al., 2003) . Many species remain in a taxonomic limbo due to the lack of formal 351 description, and this noted problem has been termed the "Linnean shortfall" (Brown and Lomolino, 352 1998 Niemiller et al., 2013) . Taxonomy is essential for conservation, but it is equally important that species names are recognised as scientific hypotheses subject to the same rigorous 357 testing and ongoing refinement as any other branch of science (Thomson et al., 2018) . 358
Morphological diagnoses remain important in the field, as the ultimate non-destructive sampling 359 approach. In terms of the process of taxonomic identification and description, species are identified via a 360 total evidence approach, which reflects the totality of their evolution and there is no single easy solution. 361
Even if an easy solution such as a barcoding marker is effective in one group, it is unlikely to be a 362 taxonomic silver bullet. 363 364
Conclusions 365
Taxonomically well-studied groups provide aspirational goals for systematics, phylogneteics, and 366 evolutionary biology. The wealth of knowledge on the natural history of birds, for example, contributes to 367 the deep understanding of delimiting species and genera in that clade. However, it may be that the reason 368 there is so much information and such complete taxonomy of birds, is that birds are a relatively very 369 constrained group that follows unusually predictable evolutionary patterns. These patterns may not be a 370 norm that could form any basis for expectations in the evolution of other more diverse organisms. While 371 there are emergent universal patterns in systematics, such as global size-frequency of genera constrained 372 across animals and plant groups, these mathematical phenomena are driven by deeper issues of evolution 373 and not the specific evolutionary trajectory of individual lineages at the species or genus level. There are 374 many evolutionary pathways that lead a clade to a small genus -combinations of both extinction, and/or a 375 lack of diversification -but only one pathway to a large genus, through rapid radiation. The genetic 376 patterns in species evolution in one group thus do not serve as a robust predictor for other groups; as 377 evidenced here by diversification in a single "barcode" fragment. 378
The utility of barcode fragments should be considered with caution -divergence a single 379 fragment is not equally applicable to all animals, and different species evolve at different rates so thresholds should not be expected to be universally consistent. Moreover, genetic distance approaches are 381 evidentially even less consistently applicable to species groups, yet groups such as genera or families are 382 frequently the appropriate level of identification in large scale biodiversity surveys. Any approach to 383 assessing biodiversity should work for most organisms. Most genera are small, and moreover most animal 384 groups are under-studied. These are the minority majority of biodiversity. The most fascinating questions 385 in understanding evolution lie in the source of comparative diversity and diversification. 386 
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